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In this contribution the methods allowing to study cyclic strain localization and early damage are presented 
and used to reveal details of the mechanisms of fatigue damage in nickel superalloys and titanium aluminium 
intermetallics, preferably at elevated temperatures.  
2. Nickel-Based superalloys 
Many different types of superalloys have been developed and adopted for the design of components working 
at high temperatures. The excellent high temperature mechanical properties of these alloys arise mostly from 
the presence of two phases - a disordered face-centered cubic Ȗ matrix in which high fraction of Ȗ’ Ni3Al based 
precipitates with ordered L12 structure is embedded. Though our attention has been also devoted to the study of 
early fatigue damage in superalloy single crystals (CMSX-4) [8] the majority of the studies of the mechanisms 
of the early fatigue damage has been performed on cast polycrystalline superalloys IN 713LC, IN 738LC and 
IN 792-5A [9-11]. 
Figure 1 shows the structure of cast IN 792-5A superalloy. Polished sections of the material reveal coarse 
grains with dendrites, carbides, and some shrinkage pores up to 0.5 mm in diameter. Rugged grain boundaries 
due to the complex dendritic structure are apparent in the optical micrograph of the section parallel to the rod 
axis in Fig. 1a. The average grain size, found using the linear intercept method, was 3.0 mm. The heat 
treatment yielded duplex microstructure consisting of cuboidal and spherical Ȗ’ precipitates embedded in a 
solid solution-strengthened Ȗ matrix. The average diameter of spherical  Ȗ’ precipitates is 0.2 μm and cuboidal 
precipitates 0.6 μm. The Ȗ’ precipitates are coherent with the Ȗ matrix. 
 
 
Fig. 1. Microstructure of the 792-5A superalloy in a section parallel to the loading axis (optical microscope) (a) and internal structure 
showing the shape of precipitates (TEM). 
Cyclic plastic straining of superalloys results in the formation of pronounced surface relief similarly to the 
case of other crystalline materials [6]. The surface relief has been studied most intensively in room temperature 
cyclic straining since surface observations are not hindered by oxidation products as in high temperature cyclic 
loading. Figure 2 shows the area of surface grain cyclically deformed with high strain amplitude after room 
temperature cyclic straining and after straining at temperature 900 °C. Room temperature cyclic straining 
produces parallel persistent slip markings (PSMs). They are composed of extrusions and parallel intrusions or 
already shallow cracks. The insert in Fig. 2a reveals that intrusions can arise on both sides of an extrusion.  
High temperature cycling results in a system of nearly parallel PSMs (Fig. 2b) whose disorientation can 
achieve up to 10 degrees. Figure 2b suggests that in high temperature cyclic straining the intrusions arise close 
to the extrusion. The exact position of an intrusion is difficult to determine since during stabilization of the 
temperature and high temperature cyclic straining in the air the whole surface and preferably the arising 
extrusions are oxidized. When an intrusion and a later shallow crack are produced the localized shear strain 
within the PSB, amplified at initiated crack splits the oxidized extrusion and apparent crack is observed in the 
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centre of all oxidized extrusions. Atomic force microscopy image of the same area of the surface produced by 
high temperature cyclic straining displayed in Fig. 2b is shown in Fig. 3. It confirms that the PSMs consist 
mostly of extrusions. The crack on the top of oxidized extrusion is imaged only exceptionally. The presence of 
intrusions and initiated cracks close to the extrusion cutting the oxidized extrusion suggest that mechanisms 
based on cyclic slip localization, point defect production and migration operates also at high temperatures [6, 
12].  
 
    
Fig. 2. SEM image of PSMs in 792-5A superalloy cycled at two temperatures a) T= 24 °C, a = 6x10-3, Nf = 94, b) T = 900 °C,  
εa = 1.2x10-2, Nf = 25. 
 
Fig. 3. 3D AFM micrograph of PSMs in 792-5A superalloy produced by high temperature (900 °C) cycling; εa = 1.2x10-2, Nf = 25. 
Nevertheless, the majority of fatigue cracks initiated in high temperature cyclic straining of nickel 
superalloys have arisen on the grain boundaries and in interdendritic areas. Figure 4 shows the early crack 
growth following grain boundary path though at the tip of the growing short cracks several PSMs are produced 
and underlying PSBs can contribute to the early growth rate of the crack.  
117 Jaroslav Polák et al. /  Procedia Engineering  55 ( 2013 )  114 – 122 
 
Fig. 4. SEM image of initiated crack in IN738- superalloy cycled at temperature 700 °C, εa = 4.5x10-3. Nf = 330. 
PSMs in nickel superalloys cycled at high temperatures exhibit appreciable variability. Figure 5 shows the 
surface relief of a grain of IN 738LC alloy cycled at 800°C. Several parallel PSMs are present in the grain. The 
detail image in Fig. 5b reveals that in spite of the coverage of the surface by small oxide particles PSM can be 
distinguished. In Fig. 5b a central extrusion is accompanied by two thin parallel intrusions at the interface with 
the matrix. This geometry is equivalent to geometries found in room temperature cyclic straining of numerous 
crystalline materials [6]. It is expected that only one of these two intrusions will be transformed in a shallow 
crack and will grow in the depth of the material. 
 
      
(a)                                                                                          (b) 
Fig. 5. Persistent slip markings on the surface of the IN 738 LC superalloy cycled at 800°C with strain amplitude 6.3x10-3, Nf = 195; (a) 
overall view, (b) detail of the PSM denoted by rectangle in Fig.5a. 
The origin of PSMs is the localization of the cyclic plastic strain. Cyclic plastic strain is localized into thin 
bands (around 1 μm in thickness) running parallel to the low index crystallographic planes that correspond to 
primary slip planes in individual grains. These bands were called persistent slip bands (PSBs) and usually have 
a specific dislocation structure, different from that of the matrix [6]. Characteristic dislocation structure in a 
grain of IN 713-LC superalloy cyclically deformed to the half of its fatigue life at room temperature and at 
800 °C is shown in Fig. 6. In Fig. 6a an individual PSB runs parallel to the (111) primary slip plane. Its width is 
around 0.5 μm and it intersects both the matrix and Ȗ’ precipitates. The highest dislocation density is present on 
both boundaries of the band with the matrix. The dislocation structure inside the band reminds the ladder-like 
dislocation structure of PSBs in fatigued copper [6]. The image of a thin foil produced from the specimen 
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cycled at 800 °C (Fig. 6b) shows numerous very thin nearly parallel bands of high dislocation density and 
cutting both matrix and Ȗ’ precipitates. The dislocation arrangement in these thin bands is approximately the 
same as the dislocation arrangements on the boundaries of the thicker band in Fig. 6a though their dislocation 
density is slightly lower. It is expected that these PSBs are not yet fully developed. Thin dislocation bands 
correspond to very thin PSMs which are observed on the surface of nickel superalloys. 
Experimental observations performed on the fatigued nickel superalloys show that localized cyclic straining 
results in the formation of PSBs and PSMs both in room temperature and high temperature cyclic straining. 
Fatigue cracks can initiate in PSMs and grow. Nevertheless, the more important locations for fatigue crack 
initiation in high temperature cyclic straining become the grain boundaries and interdendritic areas which often 
contain some eutectics and other defective structures. Fatigue crack follows intricate crack path along these 
locations, contrary to the prediction of fracture mechanics. Also stress concentration at the pores and defects 
enhances fatigue crack initiation.  
 
   
(a)       ( b) 
Fig. 6. Dislocation structure in IN 713-LC superalloy cycled with constant strain amplitude to the half of the fatigue life a) room 
temperature εa = 1.2x10-2, (εap = 7.1x10-3), Nf = 85; b) T = 800 °C, εa = 8x10-3 (εap = 2.7x10-3), Nf = 17. 
3. TiAl Intermetallics 
TiAl intermetallics are adopted for high temperature service in aeronautics or in vehicle construction due to 
its high strength at elevated temperature, good corrosion resistance and above all low density. Fatigue 
properties of TiAl intermetallics have been reviewed by Hénaf and Gloanec [4] and Umakoshi et al. [13]. High 
temperature low cycle fatigue has been reported by Recina and Karlsson [14], Gloanec et al. [5] and recently by 
Kruml et al. [15, 16], Petrenec et al. [17] and Appel et al. [18]. This study deals with the early damage in TiAl 
intermetallics with 2 and 8% of niobium. The surface relief evolution and crack initiation are reported. 
Two modifications of the material were studied. TiAl-2Nb (composition in at. %: 48Ti, 48Al, 2Nb, 2Cr 
0.82B) prepared by casting and TiAl-8Nb (composition in at. %: 44Al, 48Ti, 7.8Nb, 0.2Ni) prepared by casting 
and subsequent hot isostatic pressing. Typical microstructures were nearly fully lamellar microstructures (Ȗ and 
Į2 phases) with variable grains sizes (0.08 – 1 mm). Small Ȗ phase islands were present at grain boundaries. 
Figure 7 shows the microstructure of both materials. Thicker Ȗ lamellae alternate with thin Į2 lamellae in both 
modifications of the material. 
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(a)                                                    (b)                                                              (c) 
Fig. 7. Microstructure of TiAl intermetallics; a) TiAl-2Nb, b) TiAl-8Nb, c) TiAl-2Nb. 
Room temperature cyclic straining resulted in the formation of pronounced surface relief. Figure 8 shows 
the surface of the specimen cycled with constant strain amplitude 2.8x10-3 to fracture. Parallel PSMs in Fig. 8a 
consist mostly of extrusions. Figure 8b reveals that individual PSMs are very thin, less than 500 nm. Some of 
these extrusions are accompanied by intrusions or already shallow cracks. An intrusion typically appears on 
one side of an extrusion but the side of the extrusion can alternate and the intrusion and later crack apparently 
cuts the extrusion profile. PSMs arise on the surface of the specimens at locations where PSBs emerge on the 
surface. 
 
  
(a)                                                                                  (b) 
Fig. 8. PSMs in TiAl-2Nb alloy cycled at room temperature, εa = 2.85x10-3, Nf = 1794; a) overview, b) detail 
In order to obtain the relation between the internal dislocation structure of PSBs and the surface relief, 
surface lamellae for TEM observations were prepared using focused ion beam (FIB) technique. Figure 9a 
shows the specimen surface after cycling at room temperature. The surface in the central area was first 
protected by a thin layer of platinum and surface foil perpendicular to the surface and to the direction of the 
PSMs was prepared using FIB. Figure 9b shows the dislocation structure and also surface intrusions or already 
fatigue cracks starting from these intrusions and running parallel with the dislocation bands. The bands are very 
thin, their thickness is around 50 nm which is smaller than the thickness of PSMs. Presence of thin parallel 
dislocation bands indicates the inhomogeneous distribution of the plastic shear strain within the grain and its 
concentration into thin PSBs. 
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Fig.  9. (a) Surface relief of the TiAl-2Nb alloy cycled at room temperature, εa = 2.85x10-3, Nf = 1794 and (b) TEM image of the surface 
foil (incipient cracks are denoted by arrows). 
PSMs produced in high temperature cyclic straining of TiAAl-8Nb alloy shows Fig 10. Similarly to the case 
of high temperature cyclic straining of nickel superalloys the PSMs are oxidized and underlying intrusion or 
already crack running parallel to PSB cuts the oxidized extrusion typically in the middle. 
 
 
Fig. 10. PSMs produced by cycling at temperature 750 °C of TiAl-8Nb; εa = 3.9x10-3, Nf = 178. 
4. Discussion 
Basic mechanisms of the early fatigue damage in nickel superalloys and TiAl intermetallics at room and at 
high temperatures are similar. Cyclic plastic straining is localized and PSBs are formed. In nickel superalloys 
PSBs run parallel to {111} planes and cut the matrix and Ȗ’ precipitates and PSMs are formed on the surface. In 
TiAl intermetallics PSBs run parallel to {111} planes of Ȗ phase and often at the interface between Ȗ and Į2 
lamellae. PSMs arise on the surface of the material. They consist mainly from extrusions but also from parallel 
intrusions. Intrusions represent the crack-like defects from which real primary crack start growing. 
In room temperature cyclic straining of nickel superalloys characteristic relief of PSMs was observed 
consisting of central wide ribbon-like extrusion and two thin parallel intrusions on the boundary with the matrix 
(Fig. 5). The thickness of the PSM is approximately the same as the thickness of the PSB found using TEM 
(see Fig. 6). The dislocation structure of the PSB corresponds to the assumptions of the models of fatigue crack 
initiation based on the interaction of dislocations and formation of point defects as the EGM model [19] and 
Polák`s model [6,12]. Ladder-like dislocation structure allows high production of vacancy-type point defects 
due to localization of the cyclic plastic strain. Supersaturated vacancies created in the walls are annihilated 
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there but those created in the channels can migrate to the neighboring matrix where they are annihilated at edge 
dislocations [12]. As a result extrusions and accompanying intrusions arise. Figure 10 shows schematically the 
surface relief produced by an individual PSB. Central extrusion and two thin parallel intrusions correspond to 
the surface relief shown in high temperature cyclic straining in Fig. 5b. 
The exact surface relief of PSMs produced by cycling at high temperature could not be assessed due to the 
oxidation of the surface relief already before cycling and during cycling.  Extrusions produced during cycling 
oxidize preferably and thick oxide amplifies the surface relief. It was demonstrated that fatigue cracks can 
initiate in PSMs both in room and in high temperature cycling. However, other damaging mechanisms are 
present in high temperature cyclic straining. Fatigue cracks can initiate due to oxidation of carbides or by cyclic 
slip enhancement in or close to grain boundaries and interdendritic areas. The early growth of initiated cracks 
usually follows these locations. Important role is played by casting defects since fatigue cracks are initiated 
from or close to these defects [20]. 
In TiAl intermetallics the thickness of both PSBs and PSMs is very small and corresponds to the thickness 
of the thinnest bands in nickel superalloys. The density of PSBs is high and depends on the plastic strain 
amplitude. Intrusions and later cracks arise parallel to the extrusions. Their shape can be documented in room 
temperature cyclic straining but high temperatures oxidation prevents to assess the true shape of extrusions and 
intrusions. The mechanisms of extrusion/intrusion formation plays an important role also in the initiation of 
fatigue cracks in TiAl intermetallic cycled at high temperatures. Provided a short crack of an appreciable length 
is formed early in the fatigue life the period of short crack growth is reduced which results in shortening of the 
fatigue life. 
 
Fig. 11. Predicted surface relief of a PSM in the early stages of cyclic elastoplastic straining. 
5. Conclusions 
The study of the surface relief and internal structure of nickel superalloys and TiAl intermetallics cycled at 
room and at high temperature led to following conclusions: 
• Cyclic slip localization in PSBs results in surface relief formation in cyclic straining at room and also at 
high temperatures in both classes of materials. 
•  Dislocation structure of PSBs differs significantly from the dislocation structure of the matrix. 
• Initially extrusions and later accompanying intrusions are formed and grow as soon as the cyclic strain is 
localized into PSBs. The intrusions can turn to shallow cracks. 
• Extrusions in high temperature cyclic straining are heavily oxidized and underlying intrusion or crack 
often cuts the oxidized extrusion. 
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Further damaging mechanisms leading to crack initiation, like carbide oxidation and strain localization in 
grain boundaries or interdendritic areas are present in high temperature cyclic straining. 
Acknowledgement 
The support of the present work by the grants No. P107/11/0704, P107/11/2065 and P204/11/1453 of the 
Grant Agency of the Czech Republic is acknowledged. 
References 
[1] R.C. Reed, The superalloys: fundamentals and applications, Cambridge University Press, Cambridge, (2006). 
[2] A. Pineau and S. D. Antolovich, Engineering Failure Analysis 16 (2009) 2668. 
[3]  T.S. Srivatsan and V.O. Soboyejo, Engineering Fracture Mechanics 52 (1995) 107. 
[4] G. Hénaff and A.L. Gloanec, Intermetallics, 13 (2005) 543. 
[5]  A.L. Gloanec, M. Jouiad, D. Bertheau, M. Grange and G. Hénaff, Intermetallics, 15 (2007) 520. 
[6]  J. Polák, in: Comprehensive Structural Integrity, (eds.) I. Milne, R.O. Ritchie and B. Karihaloo, Elsevier, Amsterdam, (2003), Vol. 
4, p. 1. 
[7] J. Man, K. Obrtlík and J. Polák, Phil. Mag., 89 (2009) 1295. 
[8]  K. Obrtlík, P. Lukáš and J. Polák, in Low Cycle Fatigue and Elasto-plastic Behaviour of Materials, (eds.) K-T. Rie and P.D. 
Portella, Elsevier, Amsterdam, (1998), Vol. 4. p 33. 
[9] M. Petrenec, K. Obrtlík and J. Polák, Mater. Sci. Eng. A 400–401 (2005) 485. 
[10]  M. Petrenec, K. Obrtlík and J. Polák, Key Eng. Mater. 348-349 (2007) p. 101. 
[11] K. Obrtlík, M. Petrenec, J. Man, J. Polák and K. Hrbáþek, J Mater Sci 44 (2009) 3305. 
[12]  J. Polák, Mater. Sci. Eng. 92 (1987) 71. 
[13]  Y. Umakoshi and H.Y. Yasuda, T. Nakano Mat. Sci. Eng. A 192-193 (1995) 511. 
[14] V. Recina and B. Karlsson, Mater. Sci. Eng. A262 (1999) 70. 
[15]  T. Kruml, K. Obrtlík, M. Petrenec, and J. Polák, Int. J. Mat. Res., 100 (2009) 349. 
[16]  T. Kruml, M. Petrenec, K. Obrtlík J. Polák and P. Buþek, Proc. Eng. 2 (2010) 2297. 
[17]  M. Petrenec, M. Šmíd, T. Kruml, K. Obrtlík and J. Polák, Key Eng. Mat. 452-453 (2011) 421. 
[18] F. Appel, T.K. Heckel and H-J. Christ, Int. J. Fatigue 32 (2010) 792. 
[19]  U. Essmann, U. Gösele, and H. Mughrabi, Phil. Mag. A 44 (1981) 405. 
[20]  L. Kunz, P. Lukáš and R. Koneþná, Int. J. Fatigue 32 (2010) 908. 
 
